Vegetable foods are the principal source of dietary Cd in man (20) , yet we know little about the forms of Cd which occur in plants or their fates after ingestion in animals and man. In contrast, much is known about the principal form of Cd which occurs in animals and its fate after ingestion (4, 9) . In animal tissues, most of the Cd occurs as an inducible, about 6,500 D (10,000 D apparent mol wt by gel filtration under nondenaturing conditions), cysteine-rich protein called Cd,Zn-thionein or more generally, metallothionein (9) . Cd and Zn are bound to thisprotein in mercaptide bonds with cysteine, and some of these bonds bridge the single polypeptide chain of the ligand to form what is thought to be a compact S-shaped molecule (9) . The amino acid sequence of Cd,Zn-thionein has been determined and shown to be well conserved in several animal and crustacean species (15) . The physiological functions of Cd,Zn-thionein are not established but it is thought to have roles in toxic metal (Cd, Hg, Cu, Ag) sequestration and in Zn and Cu homeostasis (9, 27 shown to have sequence homology with Cd,Zn-thionein, to sequester Cd, and to efficiently donate Cu to apotyrosinase (14) . Apparently inducible, 10,000 D (1OK), Cd-complexes (apparent mol wt determined by gel filtration) have been isolated from several tissues of several plant species (1-3, 10, 24, 25, 28) . Induction of 1OK, Cd-complex of cabbage and tobacco leaves was shown to be Cd-concentration and time dependent (25) . Plant 1OK D Cd-complexes are often the principal Cd forms in tissues containing relatively high levels of the metal but they are not found in all tissues of all plant species which are exposed to Cd (23) . It is not known if they are principal Cd-forms in plants exposed to low levels of Cd. Also, it is not known if these little characterized plant Cd complexes are chemically or physiologically related to Cd,Zn-thionein, yet they have been referred to as metallothionein-like by us and others. Their inducibility and apparent mol wt are metallothionein-like but their highly anionic character is not (1, 24, 25) . In another case, the principal Cdbinding constituent of wheat grain is apparently not inducible by Cd and not highly enriched in cysteine, yet it binds about 60% of the Cd in grain (26; G. J. Wagner, unpublished data). Its fate in animals has recently been tested (26) . Cu-binding complexes which have relatively high cysteine content but have amino acid compositions which differ somewhat from that of animal metallothionein have been isolated from animal liver (30) , yeast (29) , Scenedesmus (22) , and from Agrostis roots (17) . Nonmetallothionein-like Cd complexes have been isolated from oysters, one ofwhich is high in acidic residues and low in cysteine (20) .
Here we have examined certain chemical and physical properties of cabbage lOK,Cd-complex and have compared these to characteristics of animal Cd,Zn-thionein and Cu complexes isolated from various species.
MATERIALS AND METHODS Plant Growth, Extraction, and Monitoring of Complex. Cabbage plants (Brassica capitate L., cv red danish) were grown in Hoagland solution and were labeled with 35S as previously described (25) . Leaves were harvested from plants which had Preparation of extracts, gel filtration chromatography (nondenaturing conditions), and atomic absorption analysis were as previously described (25) . Briefly, extracts were made of frozen (-30°C) tissue by homogenization in 4°C, 25 mm K-phosphate buffer (pH 7.5), 2 mM DTT. Crystals of dry ice were added during grinding to displace 02 and to maintain low temperature. The homogenate was filtered through gauze, the filtrate centrifuged at 15,000g for 5 min, the resulting supernatant extracted with an equal volume of CHCl3-BuOH (10:1, v/v), and the aqueous phase desalted on G-25 course as previously described (25) . Fractions containing 4,000 to 18,000 mol wt materials were pooled, dialyzed (using Spectrapore-3 tubing, 3,500 mol wt cut-7Plant Physiol. Vol. 76, 1984 off-Fisher Sci.), and lyophylized. The resulting material is referred to as G-50 prepared 10K,Cd-complex. Although 10K,Cdcomplex was found to be heat stable (see "Results"), we avoided heat denaturation of contaminants to prevent possible adverse effects on the secondary structure of the Cd-complex. Exchange binding of '"9Cd to complex (25, 26) For electrophoretic-preparative purification of 10K-Cd-complex, system B (running gel only) was used. In a typical experiment, 65 g of frozen-lyophilized leaves harvested from 30 plants were used to prepare G-25 coarse desalted material (see above) which was dialyzed and lyophilized. The entire samples was suspended in buffer plus glyerol, dinitropyridyl aspartate (pKa < 3.6) and bromophenol blue (pKa 4.0) were added, and the mixture was applied to two tube gels (0.2 x 3 cm), the outlets of which were each enclosed (see Fig. 2 ) with a 6-cm piece of Spectarpore-3 dialysis tubing. The lower portion ofthe gels (with entire tubing) were completely submerged in lower electrode buffer. Electrophoresis was at 35 mamp tube for 3 h. After dinitropyridyl aspartate has completely passed through the gel and as bromophenol blue began to emerge from the gel (Fig. 2) Heat stability of native complex was, examined using G-50 prepared, lOK,Cd-complex which was labeled with "09Cd by exchange binding (see above). Unbound '"Cd was removed by desalting on a G-25 course column calibrated to distinguish labeled 1OK-Cd-complex from free '09Cd. The presalt fractions were heated for 2 min at various temperatures and after heating sampleswere desalted using G-25 course. Percent bound (presalt) "'Cd and "12Cd were determined as per cent of eluted Cd occurring in presalt fractions.
Aliquots containing G-50 prepared, IOK,Cd-complex were labeled with '09Cd and exposed to 25 mM Na citrate buffer (pH range 2.5-6.0) for 5 min and desalted as above. (25), where '09Cd was introduced to an extract after CHCl3-BuOH extraction, '09Cd and "'-Cd were found to have identical elution in the region of 10,000 D.
The inset of Figure 1 shows results obtained after native gel electrophoresis of fractions recovered after G-50 chromatography. Fractions labeled A through H were independently pooled, dialyzed, lyophilized, and a portion of each was separated using gel system A without SDS and EDTA. As shown, slow migrating proteins were prominent in the near void volume fractions A through C and were reduced in the near 10K fractions D through F, while stained material at the electrophoretic front (visible on the unstained gel as a tan-colored band in fractions B through G) was maximal in fractions E and F and absent from fraction A. A parallel gel was vertically sliced into 2-mm segments, the segments were leached overnight in 20 mm K-phosphate buffer (pH 7.4), and the residual gel was dissolved with 2% (w/v) periodic acid. Ninety per cent of the "5S recovered from the run of fraction E occurred in the leach solution of the segment at the electrophoretic front. Another 5% was in the corresponding dissolved gel segment (data not shown). In a third parallel gel, '09Cd was added (to effect exchange binding) to an aliquot of fraction E prior to lyophilization. After electrophoresis, the gel was scanned with a radiochromatogram scanner. Most of the '09Cd had been lost during electrophoresis (found in the upper electrode buffer-glycine is a divalent cation chelator) but a trace occurred at the electrophoretic front (data not shown).
The above results using native gel electrophoresis suggested the lOKCd-complex had a highly anionic character and Cd was mostly lost on electrophoresis in gel system A. In an attempt to resolve the mol wt of complex we examined the migration of "S labeled, G-50 prepared 1OK,Cd-complex using gel systems A and C containing SDS and EDTA. After electrophoresis the gels were sliced, slices were dissolved, and an aliquot was used to determine 35S. In both systems, essentially all of the "S was associated with a still tan-colored band which migrated with the electrophoretic front. In contrast, low mol wt standard proteins (insulin A and B chains and bovine trypsin inhibitor mol wt, 2500, 3500, and 6200, respectively) migrated more slowly (data not shown). A portion of the dissolved gel slice corresponding to the electrophoretic front of the above described SDS (system A) gel was separated on G-50 fine and 35S eluted as a 10,000 D component (not shown). These results indicate that the charge characteristics of 1OK complex were not altered by the presence of SDS.
Gel system B, essentially that used by Bartloff et al. (1) to retard migration of tomato root 10,000 D Cd-complex, was used for preparative electrophoretic purification of complex. Figure 2 diagramatically represents the procedure used in which advantage was taken of the highly anionic character of lOK,Cd-complex to cause complex to migrate off of the gel and be collected while contaminants remained in the gel. When this system was used for preparative electrophoretic purification, migration of tan color associated with complex was obscured by residual pigments in extracts. Therefore, material eluting after dinitropyridyl aspartate and before bromophenol blue was collected. Staining the gel with Coomassie blue showed that slow migrating components (shown diagramatically in Fig. 2 ; also Fig. 1 insetwells B and C) were retained in the gel, as were residual pigments. Gel filtration ofelectrophoretically purified complex showed that its apparent nondenatured mol wt was 10,000.
To verify the anionic character ofcomplex, isoelectric focusing was performed after labeling ligand with the thiol reactive reagent dibromobimane. Rat liver metallothionein was also analyzed. The dibromobimane adduct of G-50 prepared, electrophoretically purified, cabbage complex and '4C-carboxymethylated ligand migrated as a single band with a pl of below 4.0 (near the end of the pH gradient) while adduct(s) of metallothionein occurred as at least three bands having pls of 4 to 4.75 (Fig. 3) .
Metallothionein bands may represent isometallothioneins as recently separated by reverse phase HPLC (11) thermolysin, cellulysin (contains protease, carbohydrase, and other activities), and DNAse I indicated that the complex is relatively insensitive to these hydrolases. In contrast, S. aureus protease which cleaves at the carboxyl side of aspartic acid and glutamic acid residues (7) cleaved ligand into at least three fragments, separable on G-50 fine (2.5 x 24 m, elution wih 0.5% (w/v) NH4 carbonate/NH4OH(pH 8.5), 1% butanol-not shown). No free amino acids were released by S. aureus protease.
Analysis of the heat stability of complex indicated that about 90% of in vivo associated "2Cd and exchange-bound "'Cd remained bound after boiling complex for 2 min (Fig. 4) . Possible denaturation without loss of Cd would not have been detected in these experiments. Analysis of pH sensitivity indicated that above pH 6.8, Cd remained bound to complex while below pH 6.8 the Cd content decreased linearly with reduced pH with about 90% dissociation at pH 2.8 (Fig. 5) Gel filtration of G-50 prepared and '4C-carboxymethylated ligand under denaturing conditions indicated that the apparent denatured mol wt of ligand was about 2000 (Fig. 6) . In contrast, performic acid oxidized rat liver metallothionein had a mol wt of 6300 as reported by Kagi et al. (9) . Two components resulted after gel filtration of a S. aureus digest of '4C-carboxymethylated ligand. These had apparent denatured mol wts of 1000 and 400. Fluorescamine-labeled calibration standards including CNBr fragments of Cyt c proved useful for monitoring standards (particularly insulin, which has low A280) after chromatography in the presence of GuHCl and allowed the use of reagent grade GuHCl which has relatively high A280. Comparison of Cyt c and CNBr fragments of Cyt c with their respective fluorescamine adducts indicated that there was little effect of adduct formation on elution of these standards under denaturing conditions (Fig.  6 ).
Attempts to determine the primary sequence of intact, 70% HCOOH treated (cleaves metallothionein specifically [12] ), reduced-carboxymethylated ligand, and the three S. aureus frag- toin amino acids and in all cases sample was completely recovered from the sequencer cup as determined by amino acid analysis and '4C determination. DISCUSSION The apparent native mol wt, inducibility, high cysteine content, and other features of higher plant 10,000 D, Cd-complexes has led to the tentative conclusion that they are structurally and probably functionally similar to animal metallothionein. Here we report on characterization ofa 1OK,Cd-complex isolated from leaves of cabbage plants exposed to relatively high Cd in nutrient solution and define several features of this complex which are not metallothionein-like. These features describe a molecule which is perhaps unique in terms of its charge and shape. The unique characteristics may influence the physiological function(s) (yet unknown) of the ligand and the fate of the complex and bound Cd after ingestion in animals.
Cabbage 10K,Cd-complex has a low isoelectric point of <4.0 (Fig. 3 ) which is consistent with its migration in native gel electrophoretic systems (Fig. 1) and its high glutamic acid-glutamine content (Table I ). The high acidic residue content reported here also explins the tight binding of cabbage lOK,Cd-complex to DEAE exchange resins (25) . In contrast, the isoelectric points of two primary isometallothioneins from rabbit liver were reported to be 3.9 and 4.5 (16) residue per cent compared to 40 residue per cent (mostly glutamic acid-glutamine) for cabbage lOKCd-complex. Like Cd,Zn-thionein, Neurospora Cu thionein is reported to have low (H12 residue per cent) acidic residue content (14) while that of Agrostis Cu complex is about 29 residue per cent (17) . Also, 10,000 mol wt Cd-complex isolated from tomato roots has electrophoretic properties (in gel system B) which are similar to those reported here for the cabbage leaf complex (1). Therefore, higher plants, 1OK metal binding proteins that have been studied in terms of their charge characteristics appear to have a highly acidic nature. We note that an about lOKCd-complex isolated from tobacco leaves (25) has electrophoretic behavior like that of cabbage lOKCd-complex (G. J. Wagner, unpublished data). Metal coordination in metallothionein is thought to involve seine or basic residues together with cysteine, with the negative charge of the mercaptide metal complexes neutralized by juxtaposed basic residues (12) . Cabbage lOKCd-complex has low seine and basic residue content but very high acidic residue content raising the question of how mercaptide metal complexes might be stabilized in this molecule.
The possibility that cabbage lOKCd-complex may consist of aggregates of glutathione (glutathione has a mol wt of 307 and contains Glu-Cys-Gly in equimolar ratio) or a similar molecule was considered. Cd-glutathione is suggested to be the form of Cd excreted in the bile (4 Cabbage lOKCd-complex does not behave like metallothionein under the denaturing conditions examined here. The elution of both cabbage complex (25) and Cd,Zn-thionein (9) during gel filtration under nondenaturing conditions corresponded to that of globular proteins having apparent mol wt about 10,000. In the presence of GuHC1 a value of 6500 was obtained for Cd,Zn-thionein (9; Fig. 5 ) while that for cabbage complex was about 2000 (Fig. 5) . Several possibilities could explain these results. First, complex may consist of a single folded polypeptide chain-as is the case for Cd,Zn-thionein-but it may not denature in the presence of GuHCl and may therefore have a lower apparent mol wt under what are normally denaturing conditions. Second, it may exist as a single linear chain inhibition of folding due to charge repulsion (high glutamic acid content) would not be surprising. However, such a structure is not entirely consistent with Cd-mercaptide chromaphore or cluster stability. Sedimentation rate experiments are underway to examine these possibilities. Third, the ligand may not be a single polypeptide chain but an aggregate of smaller species. Again we note that acid treatment results in loss of metal and a reduction in the apparent nondenatured mol wt of 35-labeled ligand. A fourth possibility is that proteolysis occurs during isolation, but fragments only dissociate in the presence of neutral, GuHCl (causes some loss of metal) or after removal of metal by acid treatment. To test the last possibility, a preparation was made in which all isolation solutions contained PMSF (5 mm) to prevent possible proteolytic cleavage of ligand. Addition of Azocoll to this extract showed that proteolysis (of that substrate) was essentially arrested. Behavior of PMSF-isolated, lOKCd-complex in the presence and absence ofGuHCl was like that described above for preparations made without PMSF. We note that the apparent nondenatured mol wt of 1OKCd-complex as determined by gel filtration in 0.5 M NaCl, 25 mm K-phosphate buffer (pH 7.4) or 0.5% NH4HCO3/NH40H (pH 8.4) was 10,000. The lack of sensitivity of native complex to Protease IV, thermolysin, and cellulysin protease is interesting, but the methods used probably would not have detected minor proteolysis and perhaps fragments are not readily released.
Our lack of success in attempts to determine the primary sequence of the ligand of cabbage lOKCd-complex (applying methods successfully used to sequence metallothionein) may reflect the unique composition-structure of this complex. Recent studies suggest that aminoethylated ligand may be more useful than carboxymethylated ligand for sequence studies. Cd/Zn-thionein is induced by Cd, Zn, Hg, Ag, Au, Cu, and several glucocorticoid hormones but also by various physiological stimuli (4, 27) . To date, only Cd is known to induce 10,000 D plant complexes which bind Cd. This is a crucial point because functionally metallothionein is thought to serve as a Zn or Cu storage form (can donate Zn to apoproteins of Zn-requiring enzymes ( [14, 27] The apparent mol wt and cysteine content of metallothionein and lOK,Cd-complex are comparable as are the Cd/peptide ratios (assuming 61 residues and a single polypeptide chain and a ratio of 6 to 1 in cabbage complex). This ratio was determined here after examining six preparations for "2Cd and ligand (the latter determined by amino acid analysis) content in the peak Cd-containing fraction (fraction E, Fig. 1 ) after G-50 chromatography. Chromaphore stability as determined by the effect of competing metals on A250 (mercaptide chromaphore) appear to be similar and both Cd forms are relatively heat stable. In both, Cd binding is acid labile and an intracellular location (cytosol) for both soluble Cd forms is suggested. Little or none of either Cd form is present in extracellular fluids and neither appears to have disulfide bonds.
Metallothionein is shown to have unordered structure and nothing is known about plant lOK,Cd-complexes regarding secondary structure. Cd,Zn-thionein may have a different fate in animals than in inorganic Cd and we do not know the relative fate of inducible, plant lOK,Cd-complex. Comparative feeding studies using CdC12 and a noninducible Cd-complex in wheat grain suggest that the fate in mice of these forms is similar (26) .
Features of cabbage lOK,Cd-complex which differ from those of metallothionein include its anionic nature (extremely high acid residue content, low pI, and unusual electrophoretic behavior) and its behavior on gel filtration in the presence of GuHCa.
Also it has much lower A25o/A280 than metallothionein, but the A280 is not due to the occurrence of aromatic residues (Table I) . This property and the tan color ofpurified complex are probably due to the presence of artifactually bound (during isolation) phenolics as first suggested by Bartloffet al. for tomato root Cdcomplex (1). It is also possible that tan color and A280 are associated with an impurity. It is unlikely that phenolics or some other 280 nm absorbing component is an integal part of the complex-essentially all (95.6%) of the weight of electrophoretically purified complex is accounted for by its amino acid and nietal content (see "Materials and Methods"). Also, recent results show that by inhibiting polyphenol oxidase during extraction of tissue, A280 and tan color is virtually eliminated while Cd is primarily recovered as 1OK anionic complex (G. J. Wagner, unpublished data).
In summary, cabbage leaf IOK,Cd-complex has certain properties in common vwith metallothionein but others which are different. Metallothioneins having sequence homology occur in diverse eucaryotic species and are therefore expected in higher plants. However, until the structures of cabbage, lOK,Cd-complex, and related molecules are better understood and their involvement in micronutrient (Zn and Cu) metabolism is established, we should avoid the conclusion that they are structually and functionally like metallothionein or that their fate after ingestion is like that of Cd-metallothionein.
Since submitting this manuscript, Rauser (Plant Physiol 1984 74: 1025-1029) described the isolation of a highly anionic Cdbinding protein from Agrostis roots.
